Adverse health outcomes in pulmonary fibrosis are associated with extracellular matrix (ECM) accumulation. Although transforming growth factor-b (TGF-b) has been reported to be an important regulator of fibrosis pathogenesis, TGF-b-independent pathways may also be involved. Here, we investigated responses of putative relatively fibrosisresistant BALB/c mice to transient pulmonary overexpression of oncostatin M (OSM) using an adenovirus vector encoding OSM (AdOSM) and compared responses with the relatively fibrosis-prone C57Bl/6 strain. Interestingly, BALB/c mice showed similar ECM accumulation and collagen 1A1 and 3A1 mRNA elevation to C57Bl/6 mice 7 days after endotracheal administration of AdOSM. TGF-b1 mRNA levels and pSMAD2 signal were not regulated in either strain in total lung extracts. In contrast to C57Bl/6 mice, BALB/c mice lacked eosinophil, Th2 cytokine, and pro-inflammatory cytokine elevation in the broncholveolar space. OSM overexpression induced STAT3 activation and SMAD1/5/8 signaling suppression in lung from both mice strains, which was associated with a downregulation of BMPR2 and BMP ligands, and increased expression of the BMP antagonist gremlin. Although we also observed STAT3 activation and SMAD1/5/8 signaling suppression in mouse lung fibroblast cultures in vitro upon OSM stimulation, immunohistochemistry analyses indicated that the AdOSM-induced pSMAD1/5/8 signal suppression was primarily localized to the airway epithelium. Other gp130 cytokines including IL-6, LIF, CT-1, but not IL-31, also induced STAT3 activation and SMAD1/5/8 signaling suppression in C10 mouse lung epithelial cells and BEAS 2B bronchial epithelial cells, and we found that pharmacological inhibition of STAT3 activation reversed OSM-induced SMAD1/5/8 signaling suppression in vitro. The results demonstrate that OSM induces ECM accumulation in fibrosis-resistant BALB/c mouse lung in the absence of Th2 inflammation or TGF-b signaling, and highlight a dichotomy of STAT3 activation versus SMAD1 suppression in this process.
anisms involved in ECM remodeling may also contribute in certain situations.
Among numerous growth factors, several members of the gp130 cytokine family have been implicated in lung ECM remodeling including IL-11 and oncostatin M (OSM). 12, 13 We and others have previously shown that transient pulmonary elevation of OSM in C57Bl/6 mice induced rapid ECM remodeling. 13, 14 In cell culture, OSM has been described as a mitogenic, anti-apoptotic factor that stimulates collagen production in human lung fibroblasts. 15 Elevated levels of OSM have been detected in the bleomycin model of pulmonary fibrosis as well as the bronchoalveolar lavage fluid (BALF) of IPF patients, suggesting a potential role for OSM in pulmonary fibrosis. 14, 16 Cell signaling induced by TGF-b in numerous cell types include the activation of the canonical SMAD2/3 activation pathway. 17 In contrast, downstream cell signaling pathways of gp130 cytokines include the janus kinase (JAK) and signal transducer and activator of transcription (STAT) pathway. 18, 19 Gp130 757F mice with hyperactive STAT3 showed exacerbated fibrosis in response to bleomycin, whereas gp130
DSTAT mice with hypoactive STAT3 showed attenuated effects upon bleomycin treatment. 20 STAT3 activation in human lung fibroblasts has also been shown to induce several morphological features consistent with a myofibroblast phenotype. 21 Thus, evidence suggests that STAT3 activation contributes to fibrosis.
Bone morphogenetic proteins (BMPs) are part of the TGFb superfamily. BMP ligands activate SMAD1/5/8 signaling and several BMP ligands have a protective role upon lung injury. Administration of either recombinant BMP-7 or tilorone, both agonists of the canonical BMP pathway SMAD1/5/8, showed therapeutic effects in a mouse model of silica-induced pulmonary fibrosis. 22, 23 The BMP antagonist gremlin has been associated with alveolar epithelial cell (AEC) activation with proliferation and apoptosis, as well as IPF. 24, 25 However, the involvement of the BMP pathway during lung injury is not well characterized in other experimental models.
In this study, we examined and compared the effects of transient pulmonary overexpression of OSM in BALB/c and C57Bl/6 mice. Contrary to observations using the bleomycin and AdTGF-b models, OSM overexpression induced ECM accumulation and collagen 3a1 mRNA levels in both mouse strains, and this mirrored responses of mouse lung fibroblast (MLF) cultures to OSM in vitro. In addition, the local lung inflammatory response of BALB/c mice did not show a Th2-skewed immune response as predicted by the paradigm of Th1/Th2 responses in these two strains of mice. Furthermore, OSM did not induce canonical TGF-b/SMAD2/3 pathways in vivo, but did result in a dichotomy of STAT3 and SMAD1 regulation that was associated with a downregulation of BMPR2 and BMP ligands as well as increased gremlin expression. Although regulation of these pathways were observed in MLF cultures in vitro upon OSM stimulation, pSMAD1/5/8 signal suppression was localized to airway epithelial cells, as determined by immunohistochemistry. Using C10 mouse lung epithelial cells and BEAS 2B bronchial epithelial cells, we observed that other gp130 cytokines IL-6, LIF, and CT-1 induced STAT3 activation and SMAD1/5/8 signaling suppression, and that inhibition of the STAT3 pathway using a small molecule inhibitor Stattic reversed OSM-induced pSMAD1/ 5/8 suppression.
MATERIALS AND METHODS Mice
Female BALB/c and C57Bl/6 mice (6-8 weeks of age) were purchased from Charles River (Ottawa, ON, Canada). Approval for all in vivo experimentation described in this study was obtained from the McMaster Animal Research Ethics Board (Hamilton, ON, Canada).
OSM Overexpression in Mice
As previously described, 13 mice (nZ4/group) were endotracheally administered 5 Â 10 7 PFUs of either the replication-deficient adenovirus encoding OSM (AdOSM) or control vector AdDl70. Samples were collected after 5, 7, 14, and 28 days.
Collection of BALF and Lung Samples BALF was collected as previously described for cytokine and inflammatory cell analyses. 26 Total cell counts were measured using a hemocytometer, and cell differentials were conducted by staining cytocentrifuge smears (Hema-3 Stain, Fisher Scientific) and subsequently identifying cells on the basis of standard hemocytologic criteria for macrophages/monocytes, eosinophils, neutrophils, and lymphocytes. The left lung was perfused with 10% formalin and prepared for histology and immunohistochemistry analyses. The right lung was snap frozen, stored, and prepared for mRNA and protein analysis as previously described. 13 BALF sample levels of cytokine were quantified for KC, IL-1b, TNF-a, VEGF, eotaxin-2, IL-4, IL-5, and IL-10 using LUMINEX bead assays (Luminex, Toronto, ON, Canada) following the manufacturer's recommendations.
Histology and Immunohistochemistry
Lung sections (3 mm) were cut from paraffin blocks and stained with H&E to assess pathology, and picrosirius red (PSR) to assess collagen content. To quantify lung interstitial collagen, four individuals blinded to the experimental design rated the extent of interstitial PSR staining (0-8 score, with 8 being most severe) evident in photomicrographs of PSRstained slides examined under polarized light (48 photomicrographs per animal to cover entire lung section). The extent of staining specifically within the lung interstitium was assessed, as it has been previously shown that AdOSM induces collagen in lung interstitium but not the major airways. 13 Immunohistochemistry for a-SMA and phospho-SMAD1/5/8 (Millipore) was performed following the manufacturer's protocol that included diluting the primary antibodies 1:100 and using the Dako EnVision þ System-HRP Anti-Rabbit detection system (Dako, Oakville, ON, Canada).
Lung Homogenization for Protein and RNA Isolation
Crushed lung powder in either Trizol or RIPA buffer was homogenized (Brinkmann Homogenizer Polytron PT 3000). RNA was isolated from Trizol following the manufacturer's protocol. For protein isolation, homogenized tissue was spun for 30 min at 2000 r.p.m., and the supernatant was collected. RNA and protein were both stored at À 80 1C until further use.
Cell Culture BALB/c and C57Bl/6 MLF cultures were isolated from whole lung as previously described. 27 BEAS 2B human bronchial epithelial cells (opassage 8) and C10 mouse lung epithelial cells (opassage 8) were received as a gift from the laboratory of Dr Mark Larché (McMaster University) and Dr Chris Migliaccio (University of Montana), respectively. Cells were treated with 5 ng/ml OSM, 50 ng/ml BMP-2, 5 ng/ml TGF-b1, 5 ng/ml IL-6, 5 ng/ml LIF, 5 ng/ml CT-1, 5 ng/ml IL-11, or 5 ng/ml IL-31 (all from R&D, Minneapolis, MN, USA), and collected for mRNA and protein analyses using standard protocols. To determine the effects of inhibiting STAT3 activation on SMAD1/5/8 signaling, BEAS-2B cells were pretreated with a small molecule inhibitor Stattic for 1 h before cytokine treatment. 28 RNA Analysis by qRT-PCR (Taqman) RNA samples were quantified using a NanoVue Spectrophotometer (GE Healthcare, Little Chalfont, UK). Genomic DNA was removed using Ambion DNA-free kit (Life Technologies, Carlsbad, CA, USA) following the manufacturer's directions. cDNA was synthesized from RNA using the manufacturer's instructions, and probed by q-RT-PCR for: collagen 1a1, collagen 3a1, TIMP-1, MMP-13, IL-4, IL-5, eotaxin-1, eotaxin-2, TGF-b1, BMP-2, BMP-4, gremlin, and Id1 (all from Life Technologies). mRNA expression for each sample was normalized using the DDCT method against 18S expression. 13 The use of 18S as a reference gene was validated among a panel of candidates (18S, Actb, B2M, Ccna2, Gapdh, Gusb, Hrpt1, Ipo8, Pgk1, Ppia, Tbp, Ubc, and Ywhaz) from RNA derived from the lungs of mice treated with either AdOSM or AdDl70 for 7 days. 18S showed the highest stability and was thus used to normalize data in all subsequent analysis.
Protein Analysis by Immunoblots
Protein samples were quantified by Bio-Rad protein assay (Bio-Rad Laboratories, Mississauga, ON, Canada), separated by SDS-PAGE, and subsequently transferred onto nitrocellulose membranes using standard methods. Blots were blocked in 5% milk diluted in 1 Â TBS with 0.15% Tween, and probed using the following antibodies: Actin I-19 (Santa Cruz Biotechnology, Dallas, TX, USA), phospho-SMAD1/5/8 (Millipore, Billerica, MA, USA), phosho-STAT3, phospho-SMAD1/5, SMAD1, phospho-SMAD2, SMAD2, and BMPR2 (all from Cell Signal, Danvers, MA, USA). Finally, corresponding secondary antibodies and ECL2 (Thermo Scientific, Ottawa, ON, Canada) were used to develop the blots. Densitometry of band intensity was completed using ImageJ software (NIH, Washington DC, USA), normalized to actin, SMAD1, or SMAD2 (as indicated), and compared relative to untreated/control samples.
Statistical Analysis
Statistical tests, including unpaired t-test and one-way ANOVA, were conducted using GraphPad Prism 5 (GraphPad Software, San Diego, CA, USA). All error bars indicate the mean standard error. A minimum of three, but usually four or five, mice were used per treatment group in each experiment and the experiments were repeated at least once. A P-value of o0.05 was considered statistically significant.
RESULTS

AdOSM Induces Lung ECM Accumulation in Both BALB/c and C57Bl/6 Mice
In previous work, we described responses of C57Bl/6 mice to endotracheal administration of AdOSM that included ECM accumulation in the lung interstitium as well as a Th2-type response in the lung by 7 days. 13 As BALB/c mice are relatively protected in other experimental models of pulmonary fibrosis, we directly compared responses in these two strains with AdOSM treatment. Histopathological examination revealed that AdOSM but not AdDl70 (each at 5 Â 10 7 PFUs) induced inflammatory cell accumulation and thicker alveolar walls in BALB/c mice at day 7 (both, Figure 1a ). These changes to the alveoli architecture were more pronounced at day 14 but attenuated at day 28 ( Figure 1a ). Quantification of interstitial PSR staining under polarized light determined that AdOSM induced interstitial collagen accumulation in both BALB/c and C57Bl/6 mice (Figures 1b and c) . Furthermore, OSM overexpression resulted in increased a-SMA staining in the lung interstitial of BALB/c mice, whereas a-SMA was detected only around blood vessels and large airways in AdDl70-treated mice ( Figure 1d ). OSM effects in fibrosis-resistant BALB/c mice S Wong et al mice (Figure 2a ), in contrast to previously published responses in C57Bl/6 mice using the same AdOSM vector. 13, 26 Cytokine and chemokine levels were also measured in BALF samples at day 7. KC levels were elevated in AdOSMtreated mice of both strains ( Figure 2b ). On the other hand, eotaxin-2 levels were below the limit of detection in BALB/c mice upon any treatment, but markedly elevated in AdOSMtreated C57Bl/6 mice. Furthermore, no detectable levels were evident for the Th2 cytokines IL-4, IL-5, and IL-10 or the inflammatory cytokines IL-1b and TNF-a in the BALF of AdOSM-treated BALB/c mice. In parallel experiments, these cytokines were markedly elevated in AdOSM-treated C57Bl/6 mice ( Figure 2b ). In contrast to the proinflammatory and Th2 cytokines, VEGF levels were elevated OSM effects in fibrosis-resistant BALB/c mice S Wong et al in AdOSM-treated BALB/c mice and below the limit of detection in C57Bl/6 mice.
AdOSM Induces mRNA for Collagen But Not Th2 Cytokines in BALB/c Mice In Vivo
The mRNA analyses using day 7 lung homogenates showed significant elevation of collagen 3a1 steady-state mRNA levels in both mice strains upon OSM overexpression (Figure 3a) . TGF-b1 mRNA levels tended to decrease upon AdOSM but these changes were not statistically significant in either strain. The mRNA levels of chemotactic factors for eosinophils was also determined at day 7, and showed in BALB/c mice that AdOSM induced eotaxin-1 but not eotaxin-2 gene expression. In contrast, AdOSM-treated C57Bl/6 mice showed markedly increased levels of both eotaxin-1 and eotaxin-2 mRNA. Steady-state mRNA levels of IL-4 and IL-5 in the lung were assessed to verify protein levels in the BALF and were both found at elevated levels in AdOSM-treated C57Bl/6 but not BALB/c mice. mRNA analysis and comparison between BALB/c and C57Bl/6 mice was also completed at an earlier time point using day 5 lung homogenates. In contrast to day 7 results, only AdOSM-treated BALB/c mice showed significant increases in collagen 3a1 mRNA levels. Similar trends in collagen 1a1, TIMP-1, and MMP-13 mRNA levels were observed (Figure 3b ).
AdOSM Dysregulates STAT3 and SMAD1 Signaling in Lung Homogenates
To examine intracellular signaling pathways engaged by AdOSM in vivo, lung homogenates (day 7) were analyzed using immunoblots and quantitative densitometry for activation of STAT and SMAD pathways. All AdOSM-treated BALB/c and C57Bl/6 mouse lung homogenates showed increased levels of pSTAT3 signal relative to AdDl70-treated mice ( Figure 4 ). In contrast, OSM overexpression caused a decrease in pSMAD1/5 signal in lung homogenates from both strains ( Figure 4 ). This observation was verified using a second antibody targeting pSMAD1/5/8 ( Figure 4 ). The decrease in pSMAD1/5 and pSMAD1/5/8 signal was associated with a decrease in BMPR2 signal ( Figure 4) . No alterations in SMAD1, pSMAD2, or SMAD2 signal were detected in either AdOSM-treated BALB/c or C57Bl/6 mice at this time point (Figure 4 ).
OSM Responses in Mouse Lung Fibroblasts In Vitro
As fibroblasts are an integral cell population in the regulation of the ECM, responses of lung fibroblasts derived from BALB/c and C57Bl/6 mice were examined. Upon stimulation with OSM for 24 h, both BALB/c and C57Bl/6 MLF cultures showed elevation of collagen 3a1 mRNA (Figure 5a ). TGF-b1 also induced collagen 3a1 mRNA, but to a lower extent. OSM did not induce collagen 1a1 mRNA whereas TGF-b1 induced levels, although marginally. BMP-2 was also tested as it can regulate collagen in other cell types, but was found to have no stimulatory effect on collagen 3a1 or 1a1 mRNA. However, BMP-2 did upregulate a typical downstream BMP-2 target Id1 mRNA in C57Bl/6 MLF cultures, whereas Id1 mRNA was suppressed by TGF-b1 stimulation. STAT3 and SMAD1/5/8 cell signaling pathways were also investigated in vitro in MLF cultures to compare with the findings observed in vivo. OSM induced pSTAT3 signal, suppressed pSMAD1/5/8 signal, and did not regulate either the BMPR2 or pSMAD2 signal in either BALB/c (Figure 5b ) or C57Bl/6 (data not shown) MLF in vitro, whereas BMP-2 and TGF-b1 induced pSMAD1/5/8 and pSMAD2 signals, respectively. (Figure 6a ). This was consistent in multiple fields per mouse lung section examined, and observed at both day 2 and day 7 (day 2 data not shown). Thus, we next examined a mouse lung epithelial cell line (C10 mouse lung epithelial cells) and observed that OSM stimulation caused a decrease in pSMAD1/5/8 signal whereas pSTAT3 signal was elevated after 72 h of stimulation (Figure 6b ). Similar findings were observed using the pSMAD1/5 antibody (data not shown). As positive controls for SMAD1 and SMAD2 activation, BMP-2 and TGF-b1 increased pSMAD1/5/8 and pSMAD2 signal, respectively (Figure 6b ). In addition, it was shown that OSM was unable to regulate BMPR2 in C10 mouse lung epithelial cells (Figure 6b ). As there is overlap in signaling pathways activated by the family of gp130 cytokines, we tested whether this STAT3/SMAD1 imbalance could also be induced by IL-6, LIF, CT-1, or IL-31 in C10 mouse lung epithelial cells. After 72 h of incubation, it was shown that all cytokines except IL-31 were able to induce STAT3 activation and SMAD1/5/8 signaling suppression (Figure 6c ).
SMAD1/5/8 Signaling Regulation in Airway Epithelial
Cells IHC was performed to identify which cells in the lung showed modulation of SMAD1/5/8 signaling. Figure 6a includes representative photomicrographs of staining that showed consistent results. Interestingly, the AdOSM but not the AdDl70 vector caused a marked suppression of pSMAD1/ 5/8 signal levels in the airway epithelial cells of both BALB/c and C57Bl/6 mice
STAT3 Inhibition Reverses OSM-Induced pSMAD1/5/8 Suppression
Stattic is a small molecular inhibitor of STAT3 that prevents the activation, dimerization, and translocation of the STAT3 complex into the nucleus. 28 Although it has been previously shown to be effective in inhibiting STAT3 activation after 1 h of incubation, we were unable to incubate C10 mouse lung epithelial cells for 72 h with Stattic without inducing significant cell death. Thus, we went on to utilize BEAS-2B bronchial epithelial cells, as we were able to show STAT3 activation and SMAD1/5/8 signaling suppression upon 1 h of stimulation with OSM or IL-6, but neither LIF nor IL-11 (Figures 7a and b) . To determine whether OSM-induced STAT3 activation is required for SMAD1/5/8 signaling suppression, BEAS-2B cells were pretreated with increasing concentrations of Stattic for 1 h before stimulation with 5 ng/ OSM effects in fibrosis-resistant BALB/c mice S Wong et al Figure 3 Total lung mRNA in mice upon administration of AdOSM vector. BALB/c and C57BL/6 mice were endotracheally administered AdDl70 or AdOSM vectors (5 Â 10 7 PFUs; nZ4) and culled 5 or 7 days later. (a) Steady-state mRNA levels of collagen 3A1, TGF-b1, eotaxin-1, eotaxin-2, IL-4, and IL-5 were assessed from total lung at day 7. (b) Lung samples were assessed for steady-state mRNA levels of collagen 3a1, collagen 1a1, TIMP-1, and MMP-13 at 5 days after AdDl70 or AdOSM (5 Â 10 7 PFUs) administration. Steady-state mRNA levels were corrected to 18S levels and expressed as fold changes relative to AdDl70-treated mice. White bars represent BALB/c mice whereas black bars represent C57Bl/6 mice. The results represent the mean±s.e.m., and statistical significance is indicated where Po0.05 (*Po0.05, **Po0.01, ***Po0.001).
OSM effects in fibrosis-resistant BALB/c mice S Wong et al Figure 4 STAT3 and SMAD signaling in mouse lung upon administration of AdOSM vector. BALB/c and C57BL/6 mice were endotracheally administered AdDl70 or AdOSM vectors (5 Â 10 7 PFUs; nZ4 per group) and culled 7 days later. (a) Lung homogenates were prepared as described in the Materials and Methods for immunoblots, and probed for pSTAT3, pSMAD1/5, pSMAD1/5/8, SMAD1, BMPR2, pSMAD2, SMAD2, and Actin as indicated. Each lane represents a separate mouse. (b) Quantification of band signal strength was completed using ImageJ as described in the Materials and Methods section (white bars: BALB/c mice; black bars: C57Bl/6 mice). pSTAT3, BMPR2 were normalized to actin; pSMAD1/5 and pSMAD1/5/8 were normalized to SMAD1; pSMAD2 was normalized to SMAD2. The results represent the mean ± s.e.m., and statistical significance is indicated where Po0.05 (*Po0.05, **Po0.01, ***Po0.001).
OSM effects in fibrosis-resistant BALB/c mice S Wong et al Figure 5 Effects of BALB/c and C57Bl/6 MLF cultures in vitro upon OSM stimulation. BALB/c and C57Bl/6 MLF explants were cultured as described in the Materials and Methods and stimulated with 5 ng/ml OSM, 50 ng/ml BMP-2, or 5 ng/ml TGF-b1. (a) mRNA was isolated after 24 h of stimulation, converted to cDNA, and probed for collagen 3a1, collagen 1a1, and Id1 as indicated, corrected to 18S levels, and expressed as fold change from unstimulated (control) cells. (b) BALB/c MLF cell lysates were collected after 72 h of stimulation, prepared for immunoblot, and probed for pSTAT3, pSMAD1/5/8, SMAD1, BMPR2, pSMAD2, SMAD2, and actin. (c) Quantification of bands was completed using ImageJ. pSTAT3 and BMPR2 were normalized to actin; pSMAD1/5/8 was normalized to SMAD1; pSMAD2 was normalized to SMAD2. White bars and black bars represent BALB/c and C57Bl/6 MLF cultures, respectively. 7 PFUs) and culled 7 days later (as in Figure 1 ). Lung samples were stained for pSMAD1/5/8 by IHC as described in the Materials and Methods. The scale bar for the photomicrographs represents a length of 150 mm, and insets show negative controls for the IHC staining. (b) C10 mouse lung epithelial cells in culture were untreated or stimulated with 5 ng/ml OSM, 50 ng/ml BMP-2, or 5 ng/ml TGF-b1 for 72 h. (c) C10 mouse lung epithelial cells were untreated or treated with 5 ng/ml of OSM, IL-6, LIF, CT-1, or IL-31 for 72 h. In both experiments, cell lysates were collected, prepared for immunoblot, and probed for pSTAT3, pSMAD1/5/8, SMAD1, BMPR2, pSMAD2, SMAD2, or actin as indicated. Quantification of bands was completed using ImageJ. pSTAT3 and BMPR2 were normalized to actin; pSMAD1/5/8 was normalized to SMAD1; pSMAD2 was normalized to SMAD2. ml OSM for another hour. Pretreatment of BEAS-2B cells with 5 mM of Stattic resulted in a marked decrease in pSTAT3 signal and increase in pSMAD1/5/8 signal (Figures 7c and d) .
AdOSM Alters Expression of BMP-Associated Ligands
As SMAD1 signaling was reduced by OSM, we next examined typical SMAD1 signaling modulators including BMP-2, BMP-4, and gremlin. Lung homogenates from mice at 7 days after AdOSM administration showed a downregulation of BMP-2 and BMP-4 mRNA in both strains of mice (Figure 8 ). This contrasted with increased gremlin mRNA levels in both strains of mice in response to AdOSM (Figure 8 ).
DISCUSSION
Our results show that transient pulmonary overexpression of OSM induces comparable ECM deposition in both the fibrosis-resistant BALB/c and fibrosis-prone C57Bl/6 mice after 7 days. Furthermore, in contrast to C57Bl/6 mice, BALB/c mice lacked eosinophils and elevation of the Th2 cytokines IL-4, IL-5, and IL-10, as well as TNF-a and IL-1b in bronchoalveolar spaces. This also suggests that eosinophils or Th2 immune mediators are not required for ECM accumulation in these models. In both strains, there was marked STAT3 activation but SMAD1 signaling inhibition, with the latter effect being localized to the airway epithelial cells. Other members of the gp130 cytokine family also induced this dichotomy of STAT3/SMAD1 signaling and inhibition of STAT3 reversed SMAD1/5/8 signaling suppression. Lastly, the suppression of SMAD1/5/8 signaling was associated with a downregulation at the mRNA level of BMP ligands BMP-2 and -4, and an upregulation of the BMP antagonist gremlin.
OSM overexpression induced ECM as measured by PSR collagen staining (Figure 1c) that has previously been shown to correlate with increased interstitial collagen deposition. 13 An examination of mRNA levels from lung homogenates showed that OSM overexpression induced ECM remodeling genes. Collagen 3a1 mRNA levels were significantly elevated in both strains by day 7 (Figure 3a) , but only so in BALB/c mice at day 5 ( Figure 3b) . Similarly, collagen 1a1, TIMP-1, and MMP-13 mRNA levels were significantly elevated in AdOSM-treated BALB/c but not C57Bl/6 mice at day 5 (Figure 3b) , and together these data suggest that AdOSM-induced ECM remodeling occurs more rapidly in BALB/c than in C57Bl/6 mice, despite the absence of eosinophils, Th2-type cytokines, and pro-inflammatory cytokines in the bronchoalveolar spaces.
The ratio between type III and type I collagen during wound repair has received considerable attention in recent years. Type III collagen is produced during the early reparative process and contributes to a provisional matrix, whereas type I collagen emerges at later stages of wound repair. 29, 30 Intriguingly, we show here that OSM was a more potent inducer of collagen 3a1 than TGF-b1 in both BALB/c and C57Bl/6 MLF in vitro (Figure 5a ). However, in contrast to TGF-b1, OSM was unable to induce collagen 1a1 expression in either MLF culture system. Our data may implicate OSM in early tissue remodeling mechanisms. Currently, it is unknown how OSM regulates collagen 3a1 differentially from collagen 1a1, and this may be because of differences in the promoter regions of these two collagen genes. The collagen 1a1 expression that we observed in whole lung RNA could be because of other cell types or induced by other factors in vivo. However, TGF-b1-mediated effects appear not to participate in the AdOSM system as levels of TGF-b1 mRNA (Figure 3a ) and pSMAD2 signal ( Figure 4) were unregulated in lung homogenates at 7 days after administration of AdOSM. Although pSMAD3 signaling was not examined in this study, it has been previously shown that AdOSM induces interstitial ECM remodeling in SMAD3 knockout mice that was comparable to wild-type C57Bl/6 mice. 20 Alternatively, collagen 1a1 expression may be regulated at a different time point by OSM in MLF cultures in vitro, although similar trends were observed after 6 and 72 h of stimulation (both unpublished data generated by Steven Wong).
The regulation of ECM remodeling in various tissues may involve cell signaling pathways including STAT3. For instance, STAT3 activation through IL-6 transsignaling in hypertrophic scar fibroblasts was associated with fibronectin and type I collagen induction, although that study did not specifically address collagen 3a1. 31 We observed in this study were more prone to bleomycin-induced lung fibrosis. 20 The function of STAT3 activation appears complex, as different cell types behave differently upon STAT3 activation. For example, STAT3 is required for the differentiation of fibroblasts into myofibroblasts; 21 however, other studies showed that in a population of pSTAT3 þ fibroblasts from IPF patients, inhibition of STAT3 signaling increased a-SMA levels. 32 STAT3 signaling in the airway epithelial cells is also thought to restore cell shape and is required for repair of the bronchiolar epithelium after injury, 33 but other studies show that STAT3 activation is required for differentiation of normal human squamous epithelial cells. The complex role of STAT3 activation therefore warrants further investigation.
In addition to STAT3 activation, we also showed that AdOSM-induced ECM accumulation correlated with SMAD1 suppression and, to our knowledge, this is the first study to show a dichotomy between these pathways. In fact, our data in C10 mouse lung epithelial cells showing that OSM, IL-6, LIF, CT-1, but not IL-31, are able to induce this STAT3/SMAD1 signaling dichotomy (Figure 7a ) suggest that STAT3 activation may be linked to SMAD1/5/8 signaling suppression. Furthermore, we have evidence linking STAT3 activation to SMAD1/5/8 signaling suppression as inhibiting the STAT3 pathway using the pharmacological inhibitor Stattic reversed OSM-induced SMAD1/5/8 inhibition (Figure 7b ). Like STAT3, SMAD1 regulation has more recently been implicated in fibrosis pathogenesis. SMAD1/5/8 signaling suppression has been observed in the silica model of pulmonary fibrosis in mice, 22, 23 and overexpression of the BMP signaling antagonist gremlin in rat lung causes ECM deposition. 24 The SMAD1 pathway is thought to have a Figure 8 Total lung mRNA levels for BMP ligands in mice upon administration of AdOSM vector. BALB/c and C57BL/6 mice were endotracheally administered AdDl70 or AdOSM vectors (5 Â 10 7 PFUs; nZ4 per group) and culled 7 days later. Lung samples (as in Figure 3a) were assessed for steady-state mRNA levels of BMP-2, BMP-4, and gremlin. The results represent the mean ± s.e.m., and statistical significance is indicated where Po0.05 (*Po0.05, **Po0.01, ***Po0.001).
OSM effects in fibrosis-resistant BALB/c mice S Wong et al homeostatic role in the maintenance of lung tissue, as the pathway is constitutively activated even in healthy airway epithelium. 34 Thus, the BMP-SMAD1 signaling axis is believed to have an antifibrotic function in the lung, 22, 25 and based on this suggestion SMAD1 signaling suppression would exacerbate fibrosis. In addition to STAT3 activation, the suppression that we observed in SMAD1 signaling by OSM both in vivo and in vitro could also be explained by a downregulation of BMPR2 (Figure 4 ) or BMP-2/4 ligands (Figure 8 ), or upregulation of the BMP antagonist gremlin (Figure 8 ), or combinations thereof. BMP ligands have been shown to inhibit TGF-b-induced collagen expression in myofibroblasts, 35, 36 but it is uncertain whether BMP ligands can similarly inhibit OSM-induced collagen expression. This would be subject to further study, as would the mechanism of a direct cause and effect relationship between OSM-induced SMAD1 pathway suppression and ECM deposition. The absence of eosinophil infiltration into the lungs of BALB/c mice upon OSM overexpression is in contrast to responses in C57Bl/6 mice. 13, 14 The lack of eosinophils was associated with a lack of eotaxin-2 levels in AdOSM-treated BALB/c mice (Figure 2b ) despite elevated eotaxin-1 levels. Others have shown that eosinophil infiltration into the alveolar space is highly dependent on both eotaxin-1 and eotaxin-2 in a mouse model of ovalbumin-induced airway inflammation, 37 and in response to IL-13-induced airway eosinophilia. 38 Our data showing a lack of eotaxin-2 (both mRNA and protein levels) in BALB/c mice in response to OSM may explain the strain difference in eosinophil infiltration. Alternatively, IL-4 and IL-5, both of which showed significant elevation (both mRNA and protein levels) in C57Bl/6 but not BALB/c mice, may be responsible for eosinophil recruitment as eosinophil recruitment has been shown to be dependent on these cytokines. 39 However, our data in BALB/c mice suggest that eosinophils or Th2 cytokines do not play an integral role in OSM-induced ECM accumulation, as comparable increases in PSR staining were observed in BALB/c and C57Bl/6 mice despite differences in eosinophil infiltration.
The induction of ECM accumulation and collagen mRNA levels in BALB/c mice are intriguing, in light of the published work showing a resistance of this strain to bleomycin or TGFb-induced fibrosis. 10, 11 This further supports TGF-bindependent pathways induced by OSM in vivo in mouse lungs. Historically, BALB/c mice have displayed more of a Th2-skewed response than C57Bl/6 mice in models of airway allergic diseases. 40 Previous work (confirmed in Figure 2b ) has shown that OSM overexpression induces Th2 cytokines as well as TNF-a and IL-1b in C57Bl/6 mice. 13, 26 However, such responses were not detectable in BALB/c mice in the direct comparison studies completed here. This suggests that OSM can induce ECM accumulation without proinflammatory cytokine elevation in BALB/c mice, and this may have relevance in human disease in the context of the recent de-emphasis of the role of classic inflammatory mediators in IPF pathogenesis. 41, 42 In addition, IL-4 and IL-5 were not regulated at the protein or mRNA level, indicating a lack of Th2-skewed cytokine response in BALB/c mice in contrast to expectations. 13 It is unclear why there is such a differential gene response to the same cytokine and this may be related to differences in strain responses to adenovirus vector, or that OSM overexpression may engage feedback mechanisms differently in these two strains. Despite the differences in inflammatory milieu between the two strains, STAT3 activation, SMAD1 deactivation (with no pSMAD2 modulation), and associated ECM remodeling is similar upon transient pulmonary overexpression of OSM, indicating that pathways to fibrogenesis that are independent of TGF-b or Th2 cytokine skewing can be driven by OSM in both BALB/c and C57Bl/6 mice.
Collectively, these findings provide insight into TGF-bindependent mechanisms of ECM remodeling within the lung. Lung fibroblasts can directly contribute to ECM accumulation, and epithelial cells can initiate wound repair mechanisms. The epithelium lining the airways and the alveoli play an important role as an effective physical barrier. Proper epithelial-mesenchymal cell interactions are critical for maintaining normal tissue function, as damage to the lung epithelium upon exposure to agents such as asbestos, silica, or bleomycin induces morphological changes that disrupt the homeostasis between the epithelium and the underlying mesenchymal cells. 43, 44 These changes to the epithelium may lead to EMT and/or the recruitment, activation, and proliferation of lung fibroblasts that leads to subsequent ECM accumulation. In our model, we observed marked STAT3 activation and SMAD1/5/8 signaling suppression in epithelial cells in vivo upon OSM overexpression and further work is required to determine whether OSM can induce EMT through a STAT3/SMAD1 signaling dichotomy. OSM has been reported to induce EMT of kidney tubular epithelial cells. 45, 46 In addition to regulating epithelial cells, OSM acts directly on lung fibroblasts to induce ECM accumulation 15 and the collagen 3A1 induction that we observed may also require STAT3 and/or SMAD1/5/8 signaling modulation. Although pro-inflammatory cytokines, Th2 cytokines, and eosinophils are elevated in AdOSM-treated C57Bl/6 mice, the lack of these in AdOSMtreated BALB/c mice downplays their role in inducing ECM accumulation during wound repair. Overall, these findings suggest a unique role for OSM in inducing ECM accumulation in vivo in both fibrosis-resistant BALB/c and fibrosis-prone C57Bl/6 mice and suggest that targeting this molecule may be effective in certain pulmonary disorders.
